The axisymmetric (n=0) fluid-borne (s=1) wave has been exploited with varying 10 degrees of success in practical surveys for determining the location of buried pipes.
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carried out into the study of radiated elastic waves in the surrounding soil itself and effects of 1 the ground surface. Jette and Parker [12] first investigated the ground surface displacements 2 accompanying the propagation of acoustic waves in a buried gas-filled pipe. As evidenced by 3 the experimental data, the ground surface vibration, in response to the internal acoustic 4 pressure, was found to be predominantly governed by the axisymmetric vibration of the pipe 5 at frequencies ranging from 200 Hz to 2 kHz. Numerical methods, for example the finite 6 element method, have been developed to investigate the vibrational behaviour of cylindrical 7 underground structures in an elastic half-space in seismic applications [13] [14] [15] [16] [17] . Although they 8 have shown to be effective for the analysis of the propagation of cylindrical waves associated 9 with energy radiation, the accurate modelling of the 3D dynamic structure becomes 10 impossible in practical situations due to the computational cost [17] . For ease of computation 11 as well as physical interpretation of wave phenomena, it is more desirable to explore the 12 analytical method for the study of the ground vibration response associated with wave 13 radiation due to pipe motion. 14 In this paper, a model is presented for predicting the ground surface displacements 15 resulting from the s=1 wave motion in a buried fluid-filled pipe. A comprehensive analysis of dominant physical processes in play; 1  The effects of the soil on the pipe and the effects of the waves propagating in the pipe 2 on the soil can be considered independently; what this means in practice is that, in the 3 calculation of the dispersion characteristics of the s=1 wave, the free ground surface 4 (along with the concomitant wave reflections) is neglected -it is only included once the 5 waves in the pipe have already, so to speak, been set up. Because of the large 6 attenuation in most soils, this is only likely to become problematic at extremely low 7 frequencies when the number of compressional/shear wavelengths between the pipe 8 and the ground surface becomes very small; 9  Once the waves radiating from the pipe reach the ground surface, they can be 10 considered to be in the far field and undergo a plane wave treatment. This limits the 11 lower frequency bound for which the analysis is valid, in a similar way to the 12 assumption described above; Only response of the ground directly over the pipe is 13 considered, for which only elastic body waves need to be considered. 14 The investigation starts with the introduction of the propagation and radiation of the s=1 15 wave confined to low frequencies, followed by a detailed description of the propagating wave 16 motion in Section 2. The model is then incorporated into the analytical method to predict the 17 ground surface displacements in Section 3. Section 4 presents some numerical results of the 18 ground surface displacements for a PVC water pipe buried in two representative soils. 19 General discussions follow on the predicted ground vibration response to explain the 20 frequency-domain features, and to demonstrate the coherent interference of the conical 21 compressional with shear waves in some sandy soils while being unlikely to happen in clay Before considering how elastic waves radiate in the surrounding soil, the fluid-borne (s=1) 2 wave motion in a buried fluid-filled pipe needs to be studied. Based on our previous model to 3 predict the dispersion relationship for the s=1 wave [7] , this section investigates the soil 4 vibration induced by the s=1 wave. 5 Consider a thin-walled fluid-filled pipe surrounded by an infinite elastic medium that can 6 sustain elastic body waves, i.e., the compressional and shear waves as illustrated in Fig. 2 . 7 The pipe has a mean radius a and wall thickness h. With reference to the cylindrical co-8 ordinate system, u and w denote the shell displacements in the x and r directions, respectively; 9 and u x and u r denote the soil displacements. The surrounding soil is assumed to be elastic, 10 homogenous and isotropic. 
Relationships between the internal pressure and the pipe wall displacements
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Consider the equations governing the coupled axial and radial motion for the 13 axisymmetric s waves in the buried fluid-filled pipe given in [ 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7   2  22   11  22  0  0  0  0   2  22  0  0  12  22  0  0  0  0 (1 ) 
where ρ f is the density of the contained fluid; the radial wavenumber of the internal fluid, 
where the complex wavenumber, k 1 , is obtained by 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8 direction at the pipe-soil interface, the pressure amplitude, P f1 , is found to be related to the 1 radial displacement amplitude of the pipe wall, W 1 , by
The relationship between the internal pressure and the pipe wall displacements are now set up 4 by combining Eqs. (4) and (6). 
Soil vibration
6
In a cylindrical co-ordinate system, the soil displacements and the stresses may be 7 expressed in terms of the compressional and shear wave potentials, and are given by [7] 
where A m and B m are the potential coefficients of the compressional and shear waves.
12
Applying the displacement continuity conditions (at r=a) in both the axial and radial 13 directions, i.e., u x (a)=u and u r (a)=w in Eq. (7) and eliminating the harmonic terms 
It is noted that the relationships between the internal pressure and the pipe wall soil. In this section, further development of the theory is carried out to determine the ground 4 surface motion in response to the radiation of elastic waves from the pipe into the soil. 6 Consider the two types of elastic body waves, i.e., the compressional or shear waves that 7 may propagate in the soil medium. Directly over the pipe as illustrated in Fig. 3 
Incident waves in the soil
Substituting Eqs. (18) into (15) (1 ) i
(1 )
It is noted that the free wavenumbers, k d and k r , can be vectorially decomposed into x by the radiation condition along with the burial depth. Furthermore, at the free surface, the clay soil (B) respectively. For both soil types, the propagating s=1 wave is slightly dispersive. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 This is caused by the added effect of soil loading on the pipe wall, more details of which can 1 be found in [7] . It can be seen from Fig. 4(a) that the calculated phase velocity of the s=1 2 wave for the sandy soil is greater than both the compressional and shear velocities in the soil.
3
This suggests that both elastic waves will radiate in the sandy soil considered. For clay soil 4 (B), however, the phase velocity of the s=1 wave lies between the shear and compressional 5 velocities, as shown in Fig. 4(b) . In this case, the s=1 wave will only leak the shear wave. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 can be seen from Eq. (22) that the phase is directly related to the radial shear wavenumber.
22
This may offer an alternative way to retrieve the s=1 phase velocity from ground surface 23 measurements, provided the shear wavespeed in the soil is known, along with the pipe depth. 24 Alternatively, it offers a way to estimate the pipe depth provided the s=1 phase velocity can 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 be estimated from the spatial variation of phase above the pipe. Table 3 gives 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 knowledge of the overall soil composition. These soil parameters are shown in Table 4. 3 Moreover, previous work has shown [24] that for a buried pipe at low frequencies, the 4 effect of the soil loading on the n=0, s=1 pipe wavespeed is controlled largely by the value of 5 the shear modulus of the soil. Fig. 15 shows the real part of the predicted s=1 wavenumber 6 using the parameters shown in Table 4 alongside the wavenumber calculated from 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   22 The remaining assumption to be challenged is the supposition that the effects of the soil 1 on the pipe and the effects of the waves propagating in the pipe on the soil can be considered 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   29   List of table captions   1   Table 1 Elastic waves in representative soils   2   Table 2 Properties of the pipe, soil and water   3   Table 3 Geometrical and material properties of the pipe and soil 
